more morphological characteristics of early marsupial neocortex than most other marsupials. In the present study, we used several different histochemical and immunochemical procedures to reveal the architectonic characteristics of cortical areas in short-tailed opossums. Subdivisions of cortex were identified in brain sections cut in the coronal, sagittal, horizontal or tangential planes and processed for a calciumbinding protein, parvalbumin (PV), neurofilament protein epitopes recognized by SMI-32, the vesicle glutamate transporter 2 (VGluT2), myelin, cytochrome oxidase (CO), and Nissl substance. These different procedures revealed similar boundaries among areas, suggesting that functionally relevant borders were detected. The results allowed a fuller description and more precise demarcation of previously identified sensory areas, and the delineation of additional subdivisions of cortex. Area 17 (V1) was especially prominent, with a densely populated layer 4, high myelination levels, and dark staining of PV and VGluT2 immunopositive terminations. These architectonic features were present, albeit less pronounced, in somatosensory and auditory cortex. The major findings support the conclusion that short-tailed opossums have fewer cortical areas and their neocortex is less distinctly laminated than most other mammals.
Introduction
We examined the cortical architecture of the shorttailed opossum (Monodelphis domestica) with the purpose of defining and providing a detailed description of neocortex subdivisions that are likely to have functional significance. Marsupial mammals diverged from eutherian mammals approximately 180 million years ago [Kumar and Hedges, 1998; Murphy et al., 2001; Woodburne et al., 2003] . Since then, marsupials have had considerable success and diversified, radiating into over 70 genera and 240 species [Grzimek, 1990] . Opossums are part of the marsupial radiation and over the last hundred million years have diverged into 15 genera, with more than 75 species [Gardner, 1993] . They are small, smooth-brained mammals that are found only in the New World. Opossums are important to include in comparative studies of neocortical evolution. Most of them have a small body size and some lack a marsupial pouch, suggesting that they might have retained more primitive features than most other marsupials [Kirsch, 1977; Marshall, 1979; Reig et al., 1987] . Comparative studies suggest that opossums have retained more of the morphological characteristics of early marsupial neocortices than other marsupials [see Johnson, 1990; Rowe, 1990] . Features of neocortical organization that opossums share with small, smooth-brained eutherian mammals are likely to be those inherited from a common ancestor.
The short-tailed opossum is native to South America and is a ground-dwelling mammal that feeds mostly on plants and insects [Streilein, 1982] . It has large eyes, an elongated snout with well-developed vibrissae, and uses its forepaws to manipulate food items [Huffman et al., 1999] . Earlier studies have shown that the organization of neocortex in short-tailed opossums is generally less complex than in eutherian mammals. As in other marsupials, short-tailed opossums do not have a corpus callosum, and instead have a rather large anterior commissure [Owen, 1837] , which plays the role of transferring information between the two hemispheres [Ebner, 1967; Martin, 1967; Foster and Ebner, 1977; Foster et al., 1981; Moreland et al., 1985] . As with most other mammals, studies in short-tailed opossums have shown that their neocortex contains a primary visual area (V1), or area 17, an auditory area (A), and a primary somatosensory area (area 3b), and they have no known motor area. The primary visual area, V1, of short-tailed opossums contains a complete topographic representation of the visual hemifield [Sousa et al., 1978; Kahn et al., 2000] , and tracer injection studies have demonstrated dense connections between V1 and cortex lying along the rostrolateral border of V1, suggesting the presence of a secondary visual area [Kahn et al., 2000] . The organization of the auditory cortex in short-tailed opossums is relatively unknown, although the presence of a putative primary auditory cortex that is coextensive with the densely myelinated region in the temporal cortex can be assumed [Karlen and Krubitzer, 2006] . A complete somatosensory representation of the contralateral body surface is present in the primary somatosensory cortex, area 3b, of opossums [Pubols et al., 1976; Huffman et al., 1999; Frost et al., 2000; Catania et al., 2000b] , with a large proportion devoted to the representation of the face and mouth [Frost et al., 2000; Catania et al., 2000b] . Microelectrode recording experiments have also revealed a second somatosensory area with a reversal of the somatotopic organization of S1 [Frost et al., 2000; Catania et al., 2000b] . The architectonic borders of this second somatosensory area are not clear, and the caudal portion of this area contains neurons that respond to both auditory and tactile stimulation [Catania et al., 2000b] .
This present study is part of a larger comparative study aimed at determining the neocortical organization based on architectonic features revealed by histological and immunohistological techniques. A detailed and comprehensive characterization of the various cortical areas in short-tailed opossums will allow comparisons to made with better studied small-brained eutherian mammals, including laboratory rats [e.g., Krieg, 1946; Schober, 1986; Wise and Donoghue, 1986; Zilles and Wree, 1995; Swanson, 2003; Uylings et al., 2003 ], laboratory mice [e.g., Rose, 1912; Lorente de Nó, 1938; Wallace, 1983; Paxinos and Franklin, 2003 ], and to a lesser extent, squirrels [Kaas et al., 1972; Sereno et al., 1991; and tree shrews [Zilles, 1978; Wong and Kaas, 2009] . Com-mon features in cortical organization across infraclasses of mammals might be those present in early mammals [Kaas et al., 1970; Kaas, 1987] .
We have used a variety of staining preparations in this study in an attempt to identify and give a detailed characterization of the various cortical areas. Apart from the standard Nissl, myelin and cytochrome oxidase (CO) histological stains, immunohistochemical stains such as vesicle glutamate transporter 2 (VGluT2), parvalbumin (PV), calbindin (CB), and SMI-32 were used. The VGluT2 immunostain reveals areal differences in thalamocortical terminations [Fujiyama et al., 2001; Kaneko and Fujiyama, 2002; Nahmani and Erisir, 2005] . Both PV and CB are calcium-binding proteins that reveal different subsets of GABA immunoreactive interneurons [Van Brederode et al., 1990] . In addition to revealing subsets of GABAergic non-pyramidal cells such as basket and double bouquet interneurons [Celio, 1986; DeFelipe and Jones, 1991; Conde et al., 1996; Hof et al., 1999] , the PV immunostain labels afferent cortical terminations from sensory thalamic nuclei [Van Brederode et al., 1990; DeFelipe and Jones, 1991; de Venecia et al., 1995; Hackett et al., 1998; Latawiec et al., 2000; Cruikshank et al., 2001; . The PV and CB immunostain not only reveals a subset of GABAergic non-pyramidal cells, it also reveals a subpopulation of pyramidal neurons [Preuss and Kaas, 1996; Hof et al., 1999 Hof et al., , 2000 . SMI-32 is a nonphosphorylated epitope on neurofilaments that are present in a subset of pyramidal cells [Lee et al., 1987; Campbell and Morrison, 1989] . With this battery of staining methods used, we are able to provide an extensive description of the architectonic characteristics of the neocortex of short-tailed opossums.
Materials and Methods
Architectonic subdivisions of the neocortex were studied in seven short-tailed opossum (Monodelphis domestica) brains provided by Professor Leah Krubitzer at the University of California, Davis. All procedures were approved by the Vanderbilt Institutional Animal Care and Use Committee and followed NIH guidelines.
Tissue Preparation
The perfusions of the animals were done by Sarah Karlen at the University of California, Davis. All animals were given a lethal dose of sodium pentobarbital (100 mg/kg). The animals were perfused transcardially, in sequence, with 0.9% saline, 2% paraformaldehyde in 0.1 M PB and subsequently with 2% paraformaldehyde with 10% sucrose. Brains were stored after fixation in 0.1 M phosphate-buffered saline (PB) for transport to Vanderbilt University. Five of the seven brains were bisected and postfixed for about 3 h in 4% paraformaldehyde and 10% sucrose in 0.1 M PB. The hemispheres were immersed in 30% sucrose solution for cryoprotection until they sank to the bottom of the vial. They were then sectioned at 40 m thickness in the coronal (n = 2), parasagittal (n = 2) or horizontal (n = 2) planes on a freezing microtome. Those brains sectioned horizontally or parasagittally were saved in three series, and brains that were sectioned coronally were divided into four series. For two of the brains, the hemispheres were separated from the brain stem and artificially flattened. These brains were then cut tangentially, parallel to the pia at 40 m thickness and saved in two series.
Histochemistry
One section from each coronal, sagittal, or horizontal series was processed for Nissl substance (with thionin). In some cases, a second series was processed for myelin using the Gallyas [1979] silver procedure, or for cytochrome oxidase (CO) [Wong-Riley, 1979] . In flattened brain sections, one of the two sections was processed for either the Gallyas [1979] silver procedure or for cytochrome oxidase (CO) [Wong-Riley, 1979] .
Immunohistochemistry
In some cases, one or two series of brain sections was immunostained for SMI-32 (mouse monoclonal anti-SMI-32, catalog number SMI-32R from Covance Inc. Princeton, NJ; 1: 2000), parvalbumin (PV) (mouse monoclonal anti-PV, catalog number P3088 from Sigma-Aldrich, St. Louis, Mo; 1: 2000), calbindin (CB) (mouse monoclonal anti-CB, catalog number 235 from Swant, Bellinzona, Switzerland; 1: 5000), or vesicle glutamate transporter 2 (VGluT2) (mouse monoclonal anti-VGluT2, catalog number MAB5504 from Chemicon now part of Millipore, Billerica, Mass., USA; 1: 2000).
Light Microscopy and Anatomical Reconstruction
Cortical borders were revealed by laminar and cell density changes in the sections that have been processed for Nissl substance, myelin, CO, PV, CB, VGluT2, and SMI-32. The locations of borders were established by viewing sections at high power using a microscope. Nissl and PV preparations were the most useful for defining primary sensory areas. Other histochemical procedures were used for corroborating otherwise ambiguous borders. Processed sections were viewed under a Nikon E800 microscope (Nikon Inc., Melville, N.Y., USA) and digital photomicrographs of sections were acquired using a Nikon DXM1200 camera (Nikon Inc., Melville, N.Y., USA) mounted on the microscope with the ACT-1 program (Nikon Inc., Melville, N.Y., USS). Digitized images were adjusted for brightness and contrast using Adobe Photoshop (Adobe Systems Inc., San Jose, Calif., USA), but they were not otherwise altered.
The borders of architectonic subdivisions of cortex were defined by criteria specific to each set of brain sections, as described in . In brief, brain sections were outlined and architectonic borders were identified for each section using a Bausch and Lomb Microprojector (Bausch and Lomb, Rochester, N.Y., USA). Blood vessels and other landmarks were marked to aid in the alignment of results from adjacent sections. In general, the different histological procedures revealed almost identical boundaries between areas. This suggests that functionally relevant borders were being detected. 
Results
Our current findings provide more detailed characterizations of previously proposed areas, as well as other subdivisions of the neocortex in short-tailed opossums. Some of these areas have been shown in brain sections cut parallel to the surface of manually flattened cortex [Kahn et al., 2000; Catania et al., 2000b] , and similar sections are shown here ( fig. 1 ) . Descriptions of the cortical areas, region by region, follow.
Occipital Cortex Area 17. Perhaps the most distinctive subdivision of neocortex is the large area 17, which occupies the caudomedial region of cortex ( fig. 1 ). In opossums, layer 4 of area 17 is thick and densely populated with cells ( fig. 2 A) . Layer 4 of adjoining cortical areas is less pronounced ( fig. 3 A) . In contrast to layer 4, layer 3 is rather sparsely populated with cells ( fig. 2 A) , giving rise to the banded appearance of area 17. Area 17 is more densely myelinated than the surrounding areas, such as the proposed Remaining Occipital Areas. The remaining areas of the occipital cortex, considered here as part of the occipital-temporal-parietal cortex (OTP), consist of a secondary visual area that is adjacent to the rostrolateral border of area 17, and at least one other multimodal area where the neurons present are responsive to both auditory and visual stimulation [Huffman et al., 1999; Kahn et al., 2000] . Although the border between V2 and area 17 is distinct, the rostral border of V2 with the multimodal region is not.
To summarize, area 17 is distinguished from the rest of the occipital areas by a thick layer 4 that is densely populated with granule cells, dense myelination, and dark staining in CO, VGluT2, PV CB, and SMI-32 preparations. The architectonic border between area 17 and V2 is distinct, and the borders between V2 and other possible extrastriate areas in the OTP region are not.
Occipital-Temporal-Parietal Cortex (OTP)
The occipital-temporal-parietal cortex (OTP) is bordered rostrally by area 3b, rostroventrally by area A, caudally by area CT and caudomedially by V1. This region has a rather homogenous architectonic appearance, although it is likely that it contains more than one cortical area, including V2. As functional studies will be required for de- limiting these borders, they are left unmarked in this study, and the architecture of this area is described as a whole. In Nissl preparations, layer 4 of OTP is less densely packed than in the three bordering sensory areas, area 17 ( fig The laminar characteristics of primary somatosensory area (3b) at higher magnification. As with other primary sensory areas, area 3b has a layer 4 that is densely populated with granule cells and is also densely myelinated and expresses high levels of CO. Scale bar in panel F = 0.25 mm.
Color version available online Fig. 7 . Architectonic characteristics of occipital, temporal and retrosplenial cortex. Coronal sections were processed for A Nissl substance, B myelin, C CO, D VGluT2, E PV, F CB, G SMI-32. Brain sections illustrated in panels A, B, C and F are from one case, and in panels D, E and G are from another case. The vertical line on the dorsolateral view of the brain in H shows the level from which the sections were taken for panels A-G. The thicker portion of the line marks the regions illustrated in panels A-G. For the sections illustrated, medial is to the right and dorsal is towards the top of the page. Scale bar for sections (G) = 1 mm. Scale bar for the brain (H) = 2.5 mm. For the sections illustrated, medial is to the left and dorsal is towards the top of the page. Scale bar for sections (G) = 1 mm. Scale bar for the brains (H) = 2.5 mm. Temporal Cortex (Auditory Cortex, A, and Caudal Temporal Area, CT) Temporal cortex includes a core primary auditory field or fields (A), a caudal temporal area (CT), and a homogenous region between the two cortical areas. Auditory Area (A). In Nissl preparations, the auditory cortex (A) has a layer 4 that is densely populated with granule cells ( fig. 6 A) , as expected for a sensory area. Layers 5 and 6 are less densely packed with cells ( fig. 7 A) . Area A is densely myelinated compared to the adjacent cortical areas ( fig. 7 B) , and at higher magnifications, the myelinated fibers extend up to layer 3, with no distinct bands of Baillarger ( fig. 6 B) . In flattened sections, area A is a densely myelinated oval that is located rostrolateral to the occipital cortex, above the rhinal fissure ( fig. 1 B,  E) . Area A stains darker for CO compared to the adjoining cortical areas ( fig. 7 C) , and at higher magnification, a dark band of CO staining is present in layer 4, with some darkly stained cell bodies in layer 5 ( fig. 6 C) .
In VGluT2 preparations, area A has a band of VGluT2 terminations in layer 4 ( fig. 6 D) that is thicker and more darkly stained than the adjoining cortical areas ( fig. 7 D) . Area A also expresses more PV immunostaining compared to the adjoining areas, but less PV immunostaining than area 17 ( fig. 7 E) . A distribution of darkly stained PVimmunopositive cell bodies is concentrated in layers 4 and 5 of area A, with layer 4 having the densest population of PV-immunopositive terminations ( fig. 6 E) . The inner cortical layers of area A stain darkly for CB, and the dorsal border of area A with adjoining temporal cortex is marked by a sharp reduction in the level of CB staining ( fig. 7 F) . In SMI-32 immunostained sections, area A shows dense staining compared to the adjacent cortical areas ( fig. 7 G) , and at higher magnification, dense populations of short dendrites in layers 3 and 5 are stained for the SMI-32 antibody, with a sparse population of small, darkly SMI-32 immunostained cell bodies in layer 5 ( fig. 6 F) .
Caudal Temporal Area (CT). In Nissl preparations, CT has an appearance similar to the adjoining perirhinal cortex as it does not have a well-developed lamination pattern. CT has a densely packed layer 2, but is less densely packed with cells throughout the rest of the cortical layers compared to the dorsally adjoining cortex ( fig. 3 A) . In myelin preparations, CT is more myelinated than the dorsally adjoining cortex ( fig. 3 B) . In sections from flattened cortex, CT stands out as a darkly myelinated region ( fig. 1 B, E) that is immediately above the ectorhinal cortex (EC). CT expresses more CO ( fig. 3 C) , and has a thicker and darker band of VGluT2 staining in layer 4 ( fig. 3 D) than the surrounding areas. In PV-immunostained sections, CT has larger, more darkly stained PV-immunopositive cell bodies, with a dense concentration of PVimmunopositive terminations in layer 4/5 ( fig. 3 E) . CT is more intensely stained for the CB antibody compared to the surrounding areas ( fig. 3 F) , and does not show any staining for the SMI-32 antibody ( fig. 3 G) .
In summary, area A is delineated from the surrounding cortical areas by a layer 4 that is densely packed with granule cells, dense myelination, and higher expression levels of CO protein, and VGluT2, PV, CB and SMI-32 antibodies. Area CT has a lower population of cells throughout the cortical layers, has a less distinct lamination pattern, is highly myelinated, and stains darkly for CO, VGluT2, PV, and CB, but not for SMI-32. Temporal cortex between areas A and CT is poorly laminated. Layer 4 is not highly differentiated, and CO, myelin, PV and VGluT2 levels are low, as in OTP. Area (3b or S1) . In Nissl preparations, area 3b is more densely packed with cells than the surrounding cortical areas, with a darkly stained band in layer 4 ( fig. 9 B; 10 A). At higher magnification, area 3b has a densely packed granular layer 4 and a moderately packed layer 5 of larger cell bodies ( fig. 8 A) . Area 3b is more densely myelinated than the surrounding cortex ( fig. 9 C; 10 B) , and stands out as a darkly stained patch surrounded by myelin-poor regions in flattened cortex ( fig 1 B, E) . The myelinated fibers extend dorsally to layer 2, with no obvious bands of Baillarger ( fig. 8 B) . Area 3b exhibits darker staining for CO in layer 4 compared to the surrounding areas ( fig. 8 C; 10 C), and this is evident in the appropriate sections from flattened cortex as well ( fig. 1 A) . Layer 4 of area 3b stains darkly for VGluT2-immunopositive terminations ( fig. 8 D) , marking the border with the surrounding cortical areas, which have poor VGluT2 staining ( fig. 10 D) . Area 3b stains more darkly for the PV antibody compared to the surrounding cortical areas ( fig. 8 E; 9 D; 10 E), as also observed in sections tangent to the surface ( fig. 1 D) . At higher magnifications, area 3b contains a higher population of PV-immunopositive neurons in layers 4 to 6, and a concentration of PVimmunopositive terminals in layer 4 ( fig. 8 E) . In CB preparations, area 3b stains darker for the CB antibody compared to the surrounding cortical areas ( fig. 10 F) . Area 3b stains darker for the SMI-32 antibody compared to the surrounding cortical areas ( fig. 10 G) , with a dense population of SMI-32 immunostained dendrites in layer 3, and darkly stained dendrites, with a scattering of SMI-32 immunostained cell bodies in layer 5 ( fig. 8 F) .
Parietal Cortex Primary Somatosensory
Secondary Somatosensory Area (S2). The electrophysiologically defined S2 is located between area 3b and area A. The architectonic borders of S2 are not distinct and left unmarked. Architectonically, S2 stains lighter for CO ( fig. 1 A, C) and is more poorly myelinated ( fig. 1 B, E) compared to area 3b and area A.
Frontal-Parietal Area (FP).
The frontal-parietal area is a strip of poorly myelinated cortex between area 3b and the frontal area ( fig. 1 B, E; 9 C). In Nissl preparations, area FP has poorly differentiated cortical layers. Area FP lacks the thick granular layer 4 that is present in area 3b, and is more sparsely populated with neurons in layers 2 and 3 than area F. Compared to the adjoining areas, area FP expresses less CO ( fig. 1 A) . Area FP also stains poorly for PV-immunopositive terminations and has a lower population of PV-immunopositive cell bodies compared to areas 3b and F ( fig. 9 D) .
In summary, area 3b can be delineated from the surrounding cortical areas by the densely populated layer 4 with granule cells, dense myelination, dark staining in CO, VGluT2, PV, CB and SMI-32 preparations. Area FP has poorly defined architectonic features compared to the adjoining areas F and 3b, and is poorly laminated, weakly myelinated, and expresses little CO and PV.
Frontal Cortex
The frontal cortex consists of at least a frontal area (F) and the surrounding areas. Area F is less densely populated with cells compared to area 3b, giving it an overall paler appearance in the Nissl stain ( fig. 9 B; 10 A) . The upper cortical layers 2 and 3 of area F are more densely populated with cells, whereas layer 4 is less developed and more sparsely populated with cells than area 3b ( fig. 9 B; 10 A). Area F has similar myelination levels compared to area 3b, but can be delimited from area 3b by a myelinpoor region (FP) that lies between these two areas ( fig. 1 B, E; 9 C). In CO preparations, area F stains darkly for CO ( fig. 10 C) , and appears as a dark CO-patch in flattened sections ( fig. 1 A, C) . Area F is less darkly stained in VGluT2 sections compared to area 3b ( fig. 10 D) . In PV preparations, area F is a darkly stained patch in tangent sections ( fig. 1 D) , and is populated with PV-immunostained cell bodies ( fig. 9 D ; 10 E). Area F can be delimited from area 3b in the PV stain as area F lacks the dense PVimmunopositive terminations that are present in layer 4 of area 3b ( fig. 9 D ; 10 E). In CB preparations, area F lacks the dense staining that is present in area 3b ( fig. 10 F) . Layers 3 and 5 of area F are densely populated by SMI-32 immunopositive dendrites, with no visible SMI-32 immunopositive cell bodies ( fig. 10 G) .
Retrosplenial Cortex
The retrosplenial cortex contains at least three cortical areas, the prostriata (PS), the retrosplenial dorsal (RSd), and retrosplenial ventral (RSv) areas, and occupies the caudal half of the medial wall.
Area Prostriata (PS).
Area PS lies along the medial border of area 17 and is differentiated from area 17 by less welldefined lamination, the lack of a thick, distinct layer 4 ( fig. 3 A; 7 A) , and reduced myelination ( fig. 3 B; 7 B) . In PV preparations, area PS has a sparse population of PV-immunostained cell bodies ( fig. 3 E; 7 E) . Area PS stains poorly for CO ( fig. 3 C; 7 C) , VGluT2 ( fig. 3 D; 7 D) , CB ( fig. 3 F; 7 F), and SMI-32 compared to area 17 ( fig. 3 G; 7 G) .
Retrosplenial Dorsal Area (RSd). In Nissl preparations, layer 2 of RSd is densely populated with cells, giving it a darker appearance than the adjoining area PS, and lacks a distinct layer 4 ( fig. 3 A; 7 A) . RSd is sparsely myelinated compared to the surrounding areas ( fig. 3 B; 7 B) , and expresses less CO staining than PS ( fig. 3 C; Retrosplenial Ventral Area (RSv). RSv does not have well-defined laminar layers but can be delimited from RSd due to the higher cell packing density in RSv that results in an overall darker appearance in the Nissl stain ( fig. 3 A; 7 A) . RSv is also more densely myelinated then RSd ( fig. 3 B; 7 B) . In CO preparations, no visible difference is observed between the staining patterns of RSd and RSv ( fig. 3 C; 7 C) . RSv is more densely populated with VGluT2- ( fig. 3 D; 7 D) and PV-immunopositive terminations, and has a dense population of PV-immunopositive neurons ( fig. 3 E; 7 E) . In CB preparations, RSv, like RSd, stains poorly for the CB antibody ( fig. 3 F; 7 F) . Layers 3 and 5 of RSd show some staining of SMI-32-immunopositive dendrites, with no SMI-32-immunopositive cell bodies ( fig. 3 G; 7 G) .
Cingulate Cortex
The cingulate cortex occupies the rostral half of the medial wall, and consists of three areas, the dorsal (CGd), ventral (CGv) and rostral (CGr) cingulate areas.
Cingulate Dorsal Area (CGd). CGd is not well laminated, and is less densely packed with cells, resulting in an overall paler appearance than the surrounding areas ( fig. 10 A) . CGd is delimited from the lateral adjoining area by the sparsely populated layer 5 ( fig. 10 A) . In myelin preparations, CGd is more densely myelinated ( fig. 10 B) , and expresses more CO protein in layer 4 than the surrounding cortical areas ( fig. 10 C) . Layer 4 of CGd stains darkly in the VGluT2 stain, unlike the adjoining cortical areas ( fig. 10 D) . In PV and CB preparations, CGd expresses very little of either antibody ( fig. 10 E, F) . CGd contains more SMI-32-immunostained dendrites in layer 3 compared to the adjacent cortical areas ( fig. 10 G) .
Cingulate Ventral Area (CGv). The laminar layers in CGv are not well differentiated. In the Nissl stain, CGv has a darker appearance than CGd, as CGv is more densely populated with cells, especially in layer 2 and 5/6 ( fig. 10 A) . CGv is less densely myelinated ( fig. 10 B) , and expresses less CO protein than CGd ( fig. 10 C) . In VGluT2 preparations, CGv shows no visible staining for the VGluT2 antibody ( fig. 10 D) . Layer 5/6 of CGv is densely populated with PV-immunopositive neurons and terminations ( fig. 10 E) . CGv shows no visible staining in either CB ( fig. 10 F) or SMI-32 ( fig. 10 G) preparations.
Cingulate Rostral Area (CGr). In Nissl preparations, CGr is marked by darker staining in layer 2 compared to area F due to a dense population of cells. CGr is less densely myelinated ( fig. 11 B) and expresses fewer CO proteins than area F ( fig. 11 C) . CGr does not show staining in VGluT2 ( fig. 11 D) , PV ( fig. 11 E) , CB ( fig. 11 F) , or SMI-32 ( fig. 11 G) preparations.
Discussion
In the present study, we used a variety of histological preparations to characterize architectonic subdivisions of neocortex in the short-tailed opossums. Opossums are of special interest because they are marsupials and thus represent one of the three major branches of the mammalian radiation. In addition, they have retained many of the morphological characteristics of early marsupials and other early mammals, including a relatively small brain with proportionately little neocortex. Thus, their neocortex might resemble that of early mammals more so than most other extant mammals. Our results indicate that the neocortex in these opossums is rather poorly differentiated into layers and areas with different laminar characteristics, and that most of the neocortex is occupied by primary visual, somatosensory, and auditory areas. These primary areas have architectonic features found in primary areas of other mammals, although they are muted and less distinct. Previous physiological and anatomical studies have identified the sensory fields in opossums [Lende, 1963; Pubols et al., 1976; Frost et al., 2000; Kahn et al., 2000; Catania et al., 2000b] . We were able to distinguish several other fields, including cingulate and retrosplenial areas that appear to be homologs of fields identified in eutherian (placental) mammals. Although there is physiological evidence for a second visual area, V2, and a second somatosensory area, S2, in short-tailed opossums [Kahn et al., 2000; Catania et al., 2000b] , these representations were not architectonically distinct from adjoining fields, other than the primary fields. Overall, the cortical organization of short-tailed opossums resemble that of other small-brained mammals in having fewer and poorly differentiated areas [Krubitzer et al., 1997; Catania et al., 1999 Catania et al., , 2000b , consistent with the view that early mammals had little neocortex, and this cortex had only a few, poorly differentiated areas [Kaas, 2007] . Cortical fields of the present study are discussed in relation to previous findings in marsupials and other mammals below.
Occipital Cortex
The occipital cortex in short-tailed opossums (Monodelphis domestica) consists of an architectonically distinct area 17, or V1, possibly a second visual area, V2, and a caudal temporal area, CT. Area 17, or V1 has a retinotopic map of the visual field, with most of area 17 devoted to the central 30 to 50 degrees representation of the contralateral visual hemifield [Kahn et al., 2000] . The retinotopic organization of V1 in short-tailed opossums is similar to that found in other marsupials, such as the South American opossum [Sousa et al., 1978; Volchan et al., 1988] , Virginia opossum [Kaas, 1980] , quoll , and wallaby [Vidyasagar et al., 1992] , and other mammals [Kaas, 1980] . Area 17 of short-tailed opossums is easily identified as an area with a layer 4 that is densely populated with granule cells and is densely myelinated [Kahn et al., 2000] . The architectonic characteristics of area 17 and its distinct rostral border in Nissl and myelin preparations have been observed in a range of marsupials [Beck et al., 1996; , and many small, lissencephalic eutherian mammals including rats [Krieg, 1946; Zilles et al., 1980 Zilles et al., , 1984 Reid and Juraska, 1991; Swanson, 2003 ], mice [Rose, 1931; Caviness, 1975; Paxinos and Franklin, 2003; Van der Gucht et al., 2007] , rabbits [Rose and Malis, 1965] , tenrecs [Krubitzer et al., 1997] , hedgehogs [Kaas et al., 1970; Catania et al., 2000a] and shrews [Catania et al., 1999] . The extent of area 17 is distinct in flattened preparations. In addition to dense myelination, area 17 also darkly stains for CO, as it is metabolically more active than the surrounding cortical areas. In the Virginia opossum, which is in the same infraclass as the short-tailed opossum, area 17 or V1 receives inputs from the lateral geniculate nucleus [Benevento and Ebner, 1971] and the lateral portion of the lateral posterior nucleus [Coleman and Clerici, 1981 ] that cor-responds to part of the pulvinar complex of primates. Area 17 of short-tailed opossums might receive similar thalamic projections, as layer 4 stains darkly for VGluT2 and PV immunopositive thalamocortical terminations.
The lateral border of area 17 is formed by area 18 or V2, as in other mammals ; however, the lateral border of V2 is unclear and has been left unmarked in this study. Neurons in V2 have large receptive fields and a reversal in retinotopy is observed at the V1/V2 boundary [Kahn et al., 2000] . Neuroanatomical studies of cortical connections in short-tailed opossums [Kahn et al., 2000] produced similar results to those from studies of brush-tailed possums [Crewther et al., 1984] , South American opossums [Martinich et al., 2000] , Virginia opossum [Benevento and Ebner, 1971 ] and mouse opossums [Bravo et al., 1990] . Namely, connections are observed between V1 and the presumptive location of V2, which is immediately rostrolateral to V1. Architectonically, the cortex immediately rostrolateral to area 17 in the short-tailed opossums is poorly myelinated and expresses less CO, suggesting that it is less metabolically active than area 17. In addition, layer 4 of that region is poorly populated with VGluT2 and PV immunopositive terminals, indicating that there is only sparse input from the thalamus.
Occipital-Temporal-Parietal Cortex (OTP)
The occipital-temporal-parietal cortex includes the peristriate cortex of Huffman et al. [1999] , and the multimodal auditory and visual region of Kahn et al. [2000] . This region of neocortex lacks the pronounced architectonic features of core sensory areas 17, A and 3b, but rather has the appearance of a higher-order or association area or areas. Due to the homogenous architectonic appearance of OTP, it is difficult to subdivide this area of cortex. Caudally, the region of OTP that borders area 17 shows visual responses and is likely V2 [Kahn et al., 2000] . The ventral portion of the occipital-temporal-parietal cortex (OTP), between areas A and CT, is not well differentiated and it does not have the characteristics of sensory cortex. By position, the cortex might have auditory and visual functions .
Temporal Cortex
The auditory cortex, which includes the putative primary auditory area, A1, occupies much of the temporal cortex in short-tailed opossums. Electrophysiological studies in short-tailed opossums have shown that the neurons in the rostral pole of the auditory cortex are responsive to both auditory and tactile stimulation, suggesting the presence of a multimodal area between area A and the somatosensory cortex [Catania et al., 2000b] . This is similar to the auditory cortex of Virginia opossums, where the secondary somatosensory area has neurons responsive to auditory stimuli [Pubols, 1977; Beck et al., 1996] . In other marsupials, such as the brush-tailed possum [Gates and Aitkin, 1982] and the Northern quoll [Aitkin et al., 1986] , primary auditory area (A1) is tonotopically organized and receives projections from the medial geniculate nucleus [Goldby, 1943; Neylon and Haight, 1983; Aitkin and Gates, 1983; Kudo et al., 1989] as in placental mammals [Ryugo and Killackey, 1974; Merzenich et al., 1976; Luethke et al., 1988; . Architectonically, the auditory cortex of short-tailed opossums has characteristics that are similar to those in other marsupials, including the Virginia opossum, brush-tailed possum and Northern quoll [Beck et al., 1996; Huffman et al., 1999; Elston and Manger, 1999; Catania et al., 2000b] , such as dense myelination, dark CO staining, and a thick, densely packed layer 4 with granule cells. Here, we have further characterized the architectonic properties of the auditory cortex in short-tailed opossums. The dense CO staining of area A suggests that it is metabolically active. In addition, area A stains darkly for VGluT2 and PV immunopositive terminations, indicating the presence of dense thalamocortical projections. In brain sections cut tangentially to the pia, the topographic location of area A in short-tailed opossums is similar to A1 of placental mammals [e.g. Ryugo and Killackey, 1974; Merzenich et al., 1976; Luethke et al., 1988; .
Area CT has been previously identified as a dark myelinated wedge-shaped region in flattened cortex containing neurons responsive to visual stimulation [Kahn et al., 2000] and receiving projections from area 17 [Kahn et al., 2000] . Area CT is metabolically active as it expresses relatively high levels of CO, and it is densely myelinated. Layer 4 of area CT apparently receives dense inputs from the thalamus, as it stains densely for VGluT2 and PV immunopositive terminations. In comparison with other marsupials, area CT of short-tailed opossums is in a similar location and has a similar appearance to area CT in the Virginia opossum [Beck et al., 1996] , and the medial temporal region of the brush-tailed possum [Crewther et al., 1984] .
Parietal Cortex
The parietal cortex of the marsupials consists of at least two areas, the primary somatosensory cortex (3b or S1) and a secondary somatosensory cortex (S2) [for re-view see Johnson, 1990; Rowe, 1990] . Electrophysiological studies in short-tailed opossums have shown that area 3b contains a complete, inverted representation of the contralateral body surface [Huffman et al., 1999; Catania et al., 2000b; Frost et al., 2000] , with a poorly developed motor component embedded within [Lende, 1963; Pubols et al., 1976; Catania et al., 2000b; Frost et al., 2000] . The representation of the contralateral body surface is organized such that the tail representation is most medial, followed by the hindlimb, trunk, forelimb, forepaw, face and oral representations in a mediolateral progression [Catania et al., 2000b; Frost et al., 2000] . This topographic pattern is similar to the primary somatosensory areas of placental mammals [see Kaas, 1983 for review]. Area 3b of short-tailed opossums has similar architectonic characteristics [Huffman et al., 1999; Catania et al., 2000b; Frost et al., 2000 ] to other marsupials, such as the wallaby [Ashwell et al., 1996] , Virginia opossum [Foster et al., 1981; Beck et al., 1996] and the brush-tailed possum [Weller, 1972] , and placental mammals [e.g., Sur et al., 1978; Chapin and Lin, 1984; Krubitzer et al., 1986; Dawson and Killackey, 1987; Slutsky et al., 2000; Remple et al., 2003; . These characteristics include a well developed, densely packed granular layer 4 and dense myelination. Area 3b of short-tailed opossums is further characterized by dark CO staining, suggesting that it has high metabolic demands. In addition, there is denser staining of VGluT2 and PV immunopositive terminations compared to the surrounding cortical areas, suggesting the presence of a higher proportion of thalamocortical terminations in area 3b, possibly originating from the ventroposterior nucleus, as has been shown in the Virginia opossum [Diamond and Utley, 1963; Pubols, 1968] . Unlike other marsupials, such as the brush-tailed possum, Virginia opossum, striped possum or Tammar wallaby, the short-tailed opossum has no architectonically definable barrel field or barrel-like cortex in area 3b [Woolsey et al., 1975; Waite et al., 1991 Waite et al., , 1998 Weller, 1993; Beck et al., 1996; Elston and Manger, 1999] .
Cortex immediately ventral and caudal to area 3b, in the expected location of S2, is responsive to somatosensory and auditory stimulation [Huffman et al., 1999] . S2 has a mirror reversal of the organization found in area 3b [Frost et al., 2000; Catania et al., 2000b] . The somatotopic organization of S2 in short-tailed opossums is similar to that found in the Virginia opossum [Pubols, 1977; Beck et al., 1996] and placental mammals [e.g., Kaas, 1983; Krubitzer et al., 1986; Catania and Kaas, 1995; Krubitzer, 1995] . S2 of short-tailed opossums at least partially overlaps the auditory cortex [Catania et al., 2000b] . Architectonically, S2 of most marsupials can be identified in the Nissl stain by broad layers 3 and 5, with a poorly defined granular layer 4 [Adey and Kerr, 1954] , and is generally less densely myelinated than the adjoining S1 and auditory areas [e.g., Beck et al., 1996; Huffman et al., 1999; Catania et al., 2000b] . As the borders of S2 are unclear, they are left unmarked in this study.
Rostral to area 3b is a strip of poorly myelinated and poorly laminated cortex, the frontal-parietal area (FP). The functional significance of this area is unknown. From its shape, topographic location and architectonic properties, area FP is reminiscent of area 3a of cats [Dykes et al., 1980 [Dykes et al., , 1986 Felleman et al., 1983] and primates [Jones and Porter, 1980; Huffman and Krubitzer, 2001; Krubitzer et al., 2004] . This poorly myelinated region, area FP, separates area F from area 3b, and architectonically resembles the somatosensory rostral area of the Virginia opossum [Beck et al., 1996] . The connections of area 3b in Virginia opossums with cortex along the rostral border, as well as the caudal border of area 3b [Beck et al., 1996] implicate rostral and caudal bordering strips of cortex in somatosensory functions.
Frontal Cortex
The frontal cortex of short-tailed opossums contains at least one architectonically distinct field, the frontal field (F), which was defined as the frontal myelinated field (FM) by Karlen and Krubitzer [2006] . Architectonically, area F of short-tailed opossums is similar to the frontal region of Virginia opossums, in that these two areas stain darkly for CO and are highly myelinated [Beck et al., 1996] . In addition, area F of short-tailed opossums is somewhat similar to the frontal region of the tammar wallaby, where there is dark staining in SMI-32 [Ashwell et al., 2005] and the upper cortical layers are thicker than the adjoining cortical areas [Mayner, 1989] . Area F of short-tailed opossums is more darkly stained for CO, however, compared to the surrounding cortical areas, whereas the frontal region of the tammar wallaby stains lighter for CO than the adjacent cortical areas [Ashwell et al., 2005] . Area F receives less dense inputs from the thalamus than area 3b, as area F stains lighter for VGluT2 and PV immunopositive terminations in layer 4 than area 3b.
We found no architectonic evidence for a motor area, M1, rostral to S1 in short-tailed opossums, and separate motor cortex appears to be lacking in marsupials, with an overlap of motor and somatosensory functions in the somatosensory cortex [see Beck et al., 1996; Haight and Neylon, 1979] .
Retrosplenial Cortex
Area prostriata (PS), a visual limbic area that contains the peripheral vision of the contralateral visual hemifield, was first identified in primates by Sanides [1970] . This area has been identified as the splenial visual area in cats [see Rosa, 1999 , for review], medial area 18 (18b) in rats and mice [Krieg, 1946; Caviness, 1975; Zilles and Wree, 1995; Wang and Burkhalter, 2007] , and as prostriata in grey squirrels and tree shrews [Wong and Kaas, 2009 ]. In the short-tailed opossums, the area identified as area PS is in the approximate expected location of area PS in placental mammals [see Rosa, 1999 for review], which is adjoining area 17 along the medial wall. Architectonically, area PS of short-tailed opossums resembles that of placental mammals [for example, see Wong and Kaas, 2008, 2009] , with poor laminar characteristics, an indistinct layer 4, and poor myelination. In addition, area PS stains poorly for VGluT2 and PV immunopositive terminations, suggesting that it receives less input from the thalamus compared to the adjoining area 17, and for CO, which further suggests that it is not as metabolically active as the adjacent area 17. Area PS in the short-tailed opossum might also correspond to the rostromedial visual area of the brown antechinus, a small Australian marsupial carnivore, as both areas stain poorly for CB, PV and SMI-32 [Ashwell et al., 2008] .
Other areas of the retrosplenial cortex include the retrosplenial dorsal (RSd) and ventral (RSv) areas. Both areas have poorly defined laminar patterns and show characteristics of periallocortex, making them easily distinguishable from the adjoining cortical areas. Architectonically, RSd lacks a distinct layer 4 and is poorly myelinated. It is also less metabolically active than the surrounding areas as it expresses less CO staining and has reduced inputs from the thalamus, as evidenced by the low proportion of VGluT2 and PV immunopositive thalamocortical terminations. RSd may correspond to the retrosplenial agranular area of the tammar wallaby [Ashwell et al., 2005] , retrosplenial dorsal cortex of the brown antechinus [Ashwell et al., 2008] , and the retrosplenial agranular area of placental mammals such as grey squirrels [e.g., , rats [e.g., Palomero-Gallagher and Zilles, 2004] , and tree shrews [e.g., Zilles, 1978; Wong and Kaas, 2009] . As with the RSd, RSv lacks a distinct layer 4, but RSv can be differentiated from RSd by the higher cell packing density and dense myelination. In addition, RSv has a greater population of VGluT2 and PV immunopositive terminations, which suggests that RSv receives more inputs from thalamic nuclei than RSd. RSv might correspond to the retrosplenial granular area of the tammar wallaby [Ashwell et al., 2005] , retrosplenial granular cortex, both parts a and b, of the brown antechinus [Ashwell et al., 2008] , and the retrosplenial granular area of placental mammals such as grey squirrels [e.g., , rats [Palomero-Gallagher and Zilles, 2004] , and tree shrews [e.g., Zilles, 1978; Wong and Kaas, 2009] .
Cingulate Cortex
Although the short-tailed opossums lack a corpus callosum, the cingulate cortex occupies most of the anterior portion of the medial wall, as with most placental mammals [e.g., Zilles, 1990; Vogt et al., 1992; . The cingulate cortex is divided into the dorsal cingulate (CGd), ventral cingulate (CGv) and rostral cingulate (CGr) areas. These three areas do not have well-defined laminar characteristics and lack a distinct granular layer 4, as in the tammar wallaby [Mayner, 1989; Ashwell et al., 2005] and other placental mammals such as rats [Zilles, 1990; Vogt et al., 2004] , grey squirrels , and tree shrews [Wong and Kaas, 2009] . CGd is distinguished from CGv as it has a lower packing density and is more highly myelinated than CGv. CGd is populated with VGluT2 immunopositive terminations, whereas CGv is populated with PV immunopositive terminations. This suggests that both areas receive different subsets of inputs from thalamic nuclei. CGd is also metabolically more active than CGv, as CGd expresses more CO. CGr does not have well defined architectonic characteristics, except for a distinctive layer 2 that is densely packed with cells. The lack of staining in PV and VGluT2 preparations suggests that CGr receives almost no input from the thalamus.
Conclusions
Although the neocortex of short-tailed opossums is not highly differentiated, primary visual, auditory, and somatosensory areas are distinct, and they share architectonic features with these fields in other mammals. In addition, frontal (F), caudotemporal (CT), retrosplenial, and cingulate areas of cortex were identified. Overall, short-tailed opossums have at least four visual areas (area 17 or V1, area 18 or V2, prostriata, and CT), and perhaps five somatosensory areas (area 3b or S1, S2, rostral and caudal somatosensory strips, and possibly a parietal ventral somatosensory area) [see Beck et al., 1996] . There is at least one primary auditory area (A1), and possibly an auditory belt of one or more secondary auditory areas. To this cortical map, we add the frontal area, dorsal and ventral retrosplenial areas, and three cingulate areas. Although not described here, the perirhinal region might contain two or three fields, including an 'insular' region devoted to taste. There is no evidence for a separate motor area, and somatosensory areas have motor functions [Catania et al., 2000b] . Although the full number of cortical areas is not yet established, we can estimate the number with some confidence as reaching or exceeding eighteen, but fewer than twenty-five. This estimate is consistent with other results from opossums and possum species, and it seems reasonable to conclude that early marsupials were opossum-like in body and lifestyle, and they had small brains with proportionately little neocortex compared to most extant mammals [see Johnson, 1990; Rowe, 1990] .
Cortical areas in these early marsupials were not highly differentiated from each other structurally, although primary sensory areas demonstrated moderate levels of specialization. Yet, they likely had close to twenty distinct cortical areas, each serving different sets of functions. At least a number of these areas are shared with extant monotremes , indicating that mammals at the time of the marsupial-monotreme divergence 230 million years ago [Murphy et al., 2001 ] already had a cortex of some complexity. Perhaps surprisingly, the neocortex of small-brained placental mammals, such as tenrecs [Krubitzer et al., 1997] , hedgehogs [Catania et al., 2000a] , and shrews [Catania et al., 1999] , is only poorly or moderately differentiated architectonically into distinct areas, and these areas appear to be largely those present in opossums, with the addition of at least one motor field. If early placental (eutherian) mammals were similar, this would suggest that neocortex was fairly stable in relative size, structural differentiation, and functional organization from soon after the emergence of early mammals, perhaps about 240 to 250 million years ago, through the subsequent major radiations of marsupials and eutherian mammals, occurring between 110 and 60 million years ago. This suggests that the profound expansions of neocortex, with structural specializations and the proliferation of areas now present in several orders of mammals and so evident in humans, has occurred only within the last third of the evolutionary history of mammals.
